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SUMMARY

A semiempiricalcorrelationrelatingcombustionefficiencywith
titerbuz’ner-inletvariablesandlengthhasbeendevelopedfora full-
scalehigh-performancecylindricalturbojetsf%erburnerusingJT-4fuel.
Thecombustionefficiencyinthiscorrelationis expressedintermsof
afterburner-inlettotaltemperature,totalpressure,velocity,after-
burnerfuel-airratio,andafterburnercombustion-chamberlength.The
rangeoftheparametersincludedinthecorrelationwasasfollows:total
temperature,1260°to 1860°Rj totalpressure,750to 1800poundsper
squarefootabsolute;velocity,400to 650feetpersecond;fuel-airra-
tio,0.034to stoichiometric(0.0676);andcombustion-chamberlength,
2.5to 5.5feet.Fromthecorrelation,thepredictedvaluesof combus-
tionefficiencywerefoundtobe withinaboutM percentagepointsofthe
experimentalvaluesof efficiency.

A correlationofthelean-blowoutfuel-air-ratiodata(forthesame
afterburner)wasalsoobtainedusingthesameafterburner-inletpsrsneters
(totaltemperature,totalpressure,andvelocity)whichcorrelatedcom-
bustionefficiency.Fora constantvalueof
scatterof lean-blowoutfuel-airratioabout
about4z0.003unitoffuel-airratio.

INTRODUCTION

correlationparameter,the
thecorrelationcurvewas

Ofthemanyprocessestskingplace
combustionprocessisprobablythemost
result,thereisno completelyadequate
combustionprocess.Forthisreasonit
performance.

withina turbojetengine,the
difficultto comprehend.””& a
theoreticalexplanationofthe
isdifficulttopredictcombustor
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Inrecentyears,however,a concepthas
an empiricalcorrelationofprimarycan-type
someofthecombustor-inletvariables(refs.
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n
beendevelopedthatpermits
combustor
lto3).

basedontheassumptionthatthecombustionefficiency
therateofflamespreadingthroughthecouibustor,and
tionofthefollowingtype:

()atbl~=fp—
Vc

efficiencywith
Thisconceptis r
is controlledby
leadsto an equa-

(1)

(Symbolsaredefinedintheappendix.)

An attemptismadeinreference4 to applythiscorrelationproce-
dureto a gutter-typeram-jetcombustor.Althougha satisfactorycorrela-
tionofthedatawasobtained,a comparisonoftheempiricallydetermined
expmentswiththeoreticallypredictedexponentsintheequation(forinl-
et pressuresabove1/2atm)ofreference3 fora turbojetcombustorshows
thattheexponentsonafterburner-inlettemperatureandpressureagree
inbothreferences,whereastheexponentsforafterburner-inletv.eloc!tY_ _
donot.

Theobjectoftheinvestigationreportedherein(whichwasconducted
attheNACALewislaboratory)wasto correlatethefull-scaleafterburner ●

combustion-efficiencydataofreference5 by usingthetheory,parameters,
andmethodspreviouslyusedinreferences1 to4, includingtheaddition-
alparametersofafterburnerlengthandfuel-airratio.(Thedataofref. -
5 wereobtainedona full-scalehigh-performanceafterburnerconfiguration
whichwasoperatedovera widerangeofafterburner-inletconditionswith
JP-4fuelforseveralafterburnercombustion-chamberlengths.)Theex-
ponentsontheafterburner-inletparametersweredeterminedempirically
andappliedto datacoveringa rangeoffuel-airratiosfrom0.0340to
0.0676.An equationexpressingafterburnercombustionefficiencyin
termsof afterburner-inlettotaltemperature,totalpressure,velocity,
afterburnerfuel-airratio,andafterburnercombustion-chamberlengthis
presentedherein.

A correlationoftheafterburnerlean-blowoutfuel-air-ratiodata
usingthesameafterburner-inletparameters(totaltemperature,total
pressure,andvelocity)andexponentsthatweredeterminedforthe
combustion-efficiencycorrelationisalsopresented.

Thesemiempiricalcorrelationoftheafterburnercombustioneffi- .—
ciencyandlean-blowoutfuel-air-ratiodatapresentedhereinincludes

.-

dataoverthe”followingrangeof conditions:afterburner-inlettotal o
temperature,1260°to 1860°R; afterburner-inlettotalpressure,750to
1800poundspersquarefootabsolute;afterburner-inletvelocity,400to
650feet;afterburnerfuel-airratio,leanblowoutto 0.0676;andafter- 4
burnerc&bustion-chamberlength,2.5to 5.5feet.
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APPARATUSANDPROCEDURE

TestRig

mlmm
d+

Thegenerallayout
sentedinfigurel(a).

ofthefull-scaleafterburnertestrigispre-
Combustionairwassuppliedto thefacilityfrom

thelaboratoryairsystem.Uponenteringthefacility,thecombustion
airwaspreheatedtothedesiredafterburner-inlettemperaturelevelby
eightJ35turbojetcombustors.Thepreheatedairpassedthrougha plenum
chamberto assureflattemperatureandvelocityprofilesattheinletto
thediffuser.An airflowmeasuringstationwasprovidedatthediffuser
inlet.Theinstrumentationatthisstation,allotherinstrumentation
stations,anda morecompletedescriptionofthefacilityaregivenin
detailinreference5.

To preventoverheating,theshellwascooledby an externalcooling
.M shroudwithairandwaterspraysinstalledinsidetheshroudspace.The
89 exhaustgaseslefttheafterburnerby passingthrougha chokedexhaust
d nozzle.Theywerethencooledby waterspraysdownstreamof theexhaust
A nozzleanddischargedintothelaboratoryexhaustsystem.
u

Afterburner .

. Theafterburnerdetailsareshowninfigurel(b).Completedimen-
sionsanddetailsoftheafterburnerand,theVariable-=eaexhaustnozzle
aregiveninreference5. Thediffuserusedinthisinvestigationgave. a relativelyflatvelocityprofileatthediffuserexit.A single-
manifoldfuelsystemwaausedforthisexperimentalprogram.Thefuel-
i.njectionsystem(madeUP of 24flattenedsp%ayb=s installed32 in”uP-
streamoftheflsmeholder)wasdevelopedto givea relativelyflatfuel-
air-ratioprofileattheflsmeholder.Theflameholder-wasa conventional,

-1
annular,V-gutterflameholderhaving30-percentblockageandtwol&inch-

widegutters.Inorderto investigatetheeffectsof lengthon after-
burnerperformance,thesf’terburnerlengthwasvariedin l-footincrements
from2.5to 5.5feet.Theafterburnercombustion-chamberlengthisde-
finedastheaxialdistancefromthetrailingedgeoftheflameholderto
theeffectivenozzlethroat(ref.5). Afterburnerignitionwasaccom-
plishedwitha torchigniter.Alldatawereobtainedwithoutan internal
coolinglinerintheafterburner.

OperatingProcedure

* In general,theafterburnerwassystematicallyoperatedovera wide
rangeof–conditionsduringwhichtheindependent

+
fuel-airratio,eachafterburner-inletvariable,

effectsof afterburner
andtiterburnerlength

,HADCADJ’57-b774 .
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-,
on combustionefficiencyandlean-blowoutlimitsweredetermined.By
meansofthevariable-areaexhaustnozzle,itwaspossibleto holdthe
afterburner-inletconditionsfixed’astheafterburnerfuel-airraticwas f
varied(fromleanblowoutto slightlyhigherthanst@chiometric).A
detaileddiscussionoftheexperimentaloperatingprocedureandof the
basicdatacalculationprocedureis includedinreference5.

CORRELA!IIONEQUAICION @

Thegeneralequationspreviouslydevelopedandusedinreferences2 wrs
to4 as a guideincorrelatingcombustion-efficiencydataisbasedon the
assumptionthattheefficiencyiscontrolledby therateofflamespread-
inginthe.combustor(inasmuchasflamespeedisoneofthefundamental
propertieswhichcanbe usedina physicalpictureofthecombustion
process).A similarapproach,basedonthesameassumptionsbutmodified
to applyto anafterburner,isoutlinedinthefollowingparagraphs.

Forthisdevelopmentthecombustionprocessisvisualizedasthe
burningof combustiblemixturezonesof randomsizeandshape,whichare
surroundedby a flamesurfaceandwhichareconsumedastheypassthrough
thecombustor.Thispictureofthecombustionprocesswassuggestedby
Wohlenberginreference6 andisusedintheanalysesofreferences2 and
3 toobtainsatisfactorycorrelationsofprimaryenginecombustordata. ,
A simplifiedexpression
modelofthecombustion
isasfollows:

forcombustionefficiency,whichisbasedonthis
processandappearsinreference4 (eq.(1)),

.

%Uf
v~=~ (2) —

Thenumeratorof equation(2)isproportionaltotherateof consump-
tionofthecombustiblemixtureintheCombustorjthedenominatorispro-
portionaltotherateofflowofthecombustiblemixturethroughthecom-
bustor.Becausethevelocityapproachingtheflamefrontvariesfromthe
flameholdertothepointatwhich’theflamefrontintersectsthewallor
anotherflamefront,thereferencevelocityVr isan effective,rather
thananactual,velocityapproachingtheflamefront.Thiseffective
velocityisaseumedtobe a functionoftheafterburner-inletvelocity
V only.Thereferencearea & istheeffectiveflame-frontareafrom —
theflameholdertothepointatwhichtheflamefrontintersectsthewail ““
or anotherflamefront.Theeffectiveareaisassumedto equaltheprod- _ . -
uctoftheafterburnercross-sectionalareaanda functionofthe
afterburner-inletvelocity.By applyingtheseconsiderationsto equation -
(2),

(3)
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Thecombustiblemixture
bustor,whicharesurrounded

5

zonesofrandomsizeandshapeinthecom-
by a flamesurfaceandconsumedastheyPass

throu&thecombustor,areass&edtohavethesamesurface-to-volurne-
ratioatanypointinthecombustorasatthebeginni~ngofthecombustion
process(i.e.,alongtheflamefront).Thus,

(4)

Theinitialflamesurfaceperunitvolumeof combustorAf /Vi iS

showninreference6 tobe a functionoftheover-allfuel-air~atio,the
combustorgeometry,andthecombustor-inletconditions.Theexpression,
similarto thatpresentedinreference2,whichrelatesthesevariables
isasfollows:

(5)

Althoughthenumberof combustiblemixturezoneswithintheafter-
burnerisgreatestattheflsmeholderandvariesalongthecombustor,the
volumeofthecombustiblemixturezonesinthecombustorcanbe associ-
atedmainlywiththerateof ener~ releasealongthecombustor,which,
inturn,is equalto theproductofthevolumeofthecombustoranda
functionofthecombustionefficiency.Thus,

V=v A&’(VAJ
Substitutingequations(5)and(6)in equation(4)gives

[2(~)a][f3(%Bfl(vAB)
+ = DK.@~”333(Re)a(Pr)bf

(6)

(7)

wherein(asinrefs.2 and3)theeffectsofbothReynoldsnumberand
Prandtlnumberareassumedtobe negligible.Substitutingthefollowing
empiricalrelationformaximumflamespeed(asinrefs.2t04):

1.4
‘f = K2t

andequation(7)in equation(3)andrearrangingtermsgive

(8)

(9)
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Combiningliketermsin equation(9)yields

f4(Vm)= K3DP
0.333tl.07f2(f/a)~2f5(V) (lo)

Equation(10)involvestheuseof staticpressuresandtemperatures.
Theworkpresentedhereinmakesuseofmeasuredtotalratherthanstatic
afterburner-inlet-pressuresandtemperaturesbecausethetotalmeasure-
mentsweredeterminedtobemorereliable.(Checkcorrelationsindicated -
therewouldbe no discrepanciesintroducedintothecorrelationby this
procedureintherangeofconditionsinvestigated(max.afterburner-inlet ~
Machnumberwasabout0.38).)

DETERMINATIONW EXPONENTIALRELATIONSAND

EVALUATIONOFEQUATION

An inspectionof equation(10)revealsthefactthatit isnotpossi-
bleto determinedirectlyabsolutevaluesof’theexponentsonthetemper-
atureandpressureparametersincludedIntheequation;however,thera-
tiobetweentheexponentsofthesetwoparameterscanbe determined.This
is accomplishedby plottin&temperatureagainstpressureon logarithmic
coordinateswithallotherparameters(includingcombustionefficiency)
heldconstant.Thereciprocaloftheslopeofthecurveonthelogarith- .
micplotrepresentstheratiooftheexponentsoftheparametersplotted.
ThenextstepIntheprocedurewillbe todetermineempiricallytheform
oftheremainingvariableswhichwillgivea satisfactorycorrelationof 1
thedataofreference5. Thiswillbe doneby plottingeachofthese
parametersagainstboththetemperatureandthepressurewithallother

—

variablesheldconstant.

Hterburner-InletTotalTemperature

andTotalPressure

Figure2 presentsa log-logplotfora typicalsetofconditions
showingtheexponentialrelationbetweenafterburner-inlettotaltempera-
tureandtotalpressure.Fortheconditionspresented,theslope(which
is equaltotheratioofthepressureexponenttothe.temperature.e~o.-.
nent)ofthecurvesisequalto 0.303.Thiscomparesfavorablytitha

.—

valueof 0.311predictedby equation(10)andvaluesof0.3and0.292}
whichsatisfactorilycorrelatethedatainreferences3 and4,respective-
ly. h equationrepresentingtherelationbetweenafterburner-inlettOtal.
temperatureandtotalpressure,therefore,mightbewrittenasfollows: *

f@AJ = T?P0”303af~[(f/a)M3V)l (11)
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Afterburner-InletVelocity

-1 Inorderto determinetheformofthevelocityparameterwhichwill
givethemcstsatisfactorycorrelationofthedataofreference5, sev-
eraltrialplotsweremadeinvolvingvariousformsofthisparameter.
An examinationoftheseplotsindicatedthata satisfactorycorrelation
mightbe obtainedby usingtheexpression(750- V). Infigure3 data‘
areplottedusingtheafterburner-inletvelocitypsmuneterinthefoym
of (750- V) to showthestraight-linerelationwhichwasobtained.

An equationrepresentingtherelationbetweenthenewlydete~ined
afterburner-inletvelocityparameterandthetemperatureandpressure
parametersisasfollows:

f.&lAJ‘ T% 0“303a(750-v)0“236af7[(f/a)D~ (12)

AfterburnerCombustion-ChamberLength

A situationsimilarto thatforinletvelocitywasfoundto exist
forthevsriablecombustion-chamberlength.Afterextensivetrialplot-
ting,itwasdeterminedthatsemilogplotsoftheafterburner-inletparam-

. eters(totaltemperature,totalpressure,and(750- V))a ainstthe
7reciprocaloftheafterburnercombustion-chamberlength1 2 provided

themostsatisfactoryrepresentationofthedataofreference5. Sucha
. plotisshowninfigure4. Thecurvesrepresentaverageslopesobtained

fromallthedataofreference5. Thus,a generalcorrelatingequation
cannowbewrittenwhichwillincludetheafterburner-inletparameters,
totaltemperature,totalpressure,and(750- V),andtheafterburner
combustion-chamberlength:

COMBUSTION-EFFICIENCYCORRELATION

Thefinalstepinthedeterminationoftheover-allcorrelation
parameter,g,whichwillbe usedto correlatethecombustion+fficiency
data,istheassignmentof absolutevaluesto theexponents+f eachof
theindividualparameters.An absolutevaluewasarbitrari~assigned
totheexponentontheafterburner-inlettotaltemperaturewhichwascon-.
sistentwiththeexponentvalueof equation(10).Theremainingexponents
werethendeterminedfromequation(13).Theresulting expressionfor

b thecorrelatingparameter~ isthusgivenby thefollowingequation:

-’”
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.

(14)
,-

Theresultingplotsof combustionefficiencyagainst~ forfour
nominalvaluesoffuel-airratio(0.0663,0-.7)55,0.0465,and0.036)are
presentedinfigures5(a),(b),(c),and(d),respectively,andinclude
theactualdatapointsfromwhichthecrossplotsofreference5,which
wereobtainedoverwiderangesof afterburner-inletconditionsandfor
severalafterburnercombustion-chamberlengths,wereconstructed.The
dataarekeyedforafterburner-inlettemperaturesandpressuresandin-

$CJl
eludedataforafterburnercombustion-chamberlengthsfrom2.5to 5.5

N—
feetandafterburner-inletvelocitiesfrom400to 650feetpersecond.
Theaccuracyofthiscorrelationis seentobe about* percentage
pointsincombustionefficiency,whichisnotsubstantiallygreaterthan
theprobablemeanerrorintheoriginaldata. —

Thecurvespresentedinfigures5 a)to (d)aresummarizedinfigure
5(e). [Althoughthecurvesoffigure5 e)providea usefulcorrelationof
allthedata,an examinationofthisfigureindicatesthecurvesforthe
fourlevelsoffuel-airratioaresimilarin shapebut.displacedslightly
fromoneanother.Thesimilarityofthecurvesindicatedthattherewas
a goodpossibilityof obtaininga singlecorrelationofthedataforthe
fourfuel-airratios,andthusattemptsweremadeto dothis.As a re-
sultofmakingmanytrialplots,itwasfoundthat,whenthecurvesof
figure5(e)werereplottedon log-logcoordinates,theycouldbe closely
approximatedby straightlines.Thegeneralequationforthesestraight
lineswasdeterminedtobe asfollows:

A

(15)

where I representstheinterceptand m, theslopeof eachstraight
line.Itwasfoundthattheslopesandtheinterceptsofthestraight-
linecurvesvariedlinearlywiththefunctionsof afterburnerfuel-air
ratioorequivalenceratioq asfollows:

m= 1.119(1- Q)2+ 1.845 (16)

I = 270.6(1-Q)3 i-16.20 (17)

Theseexpressionscanbe substitutedinequation(15)to givea semi-
empiricalcorrelationequation:

.

4.

where ~ isdefinedinequation(14).
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An indicationoftheover-allaccuracyofthesemiempiricalequation
wasobtainedby comparingmeasuredwithcomputedvaluesof combustionef-

1 ficiency.Thecomparisonispresentedinfigure6 forallafterburner-
inlettotaltemperatures,totalpressures,velocities,andafterburner
combustion-chamberlengthsinvestigatedinreference5, andforafter-
burnerfuel-airratiosfrom0.034.to0.0676.Mostofthedatainthis
finalcorrelationfallwithinM percentagepointsofthepredictedvalue
of combustionefficiency,andthustheequationisfelttobewithinthe
estimatedaccuracyofthemeasuredvalues.

IJ?AN-BLOWOUTCORRELATION

Infigure7 an attemptismadeto correlatethelean-blowoutdataof
reference5 usitigtheafterburner-inletparameters,pressure,temperature
and(750- V),alongwiththeircorrespondingempiricalexponents,which
successfullycorrelatedthecombustionefficiency.Thedataarepresented
fora widerangeofafterburner-inletconditionsandhavebeenkeyedfor
afterburnercombustion-chamberlength.Althoughthevariationswith
afterburner-inletconditionswererandom,figure7 indicatesthatthere
maybe somesmalleffectof lengthon lean-blowoutfuel-airratio;how-
ever,thesevariationsarewithintheestimatedaccuracyofthedata,
thatis,aboutti.003unitoffuel-airratio(ref.5).

SUMMARYCFRESULTS

A semiempiricalcorrelationandequationwereobtainedrelatingthe
combustionefficiencyof a cylindricalturbojettiterburnerto several
afterburner-inletparametersandafterburnerlengths.Therangeofthe
parametersincludedinthecorrelationwasasfollows:totaltemperature
1260°to 1860°Rj totalpressure,750to 1800poundspersquarefoot
~bsolutejvelocity,400to 650feetpersecond;afterburnerfuel-airra-
tio,0.034to stoichiometric(0.0676)jandafterburnerlength,2.5to 5.5
feet. Thecorrelationincludedhereinwasdevelopedfromdataobtained
on a high-performanceafterburnerusingJP-4fuel. Thediffuserinstalled
inthisafterburnerwasdesignedto givea flatvelocityprofileatthe
inlettotheafterburner.Flattenedradialfuelbarsdesignedtoproduce
a flatfuel-airdistributionattheinlettotheafterburnerwereinstalled
inthediffuserannulus32 inchesupstresmofa 30-percent-blockageflame-

holder,whichwasmadeoftwo1$ inch-wideannularV-gutters.

Theconceptsandproceduresusedto obtainthecorrelationweresimi-
. lartothoseusedto correlateprimsrycombustordata. Theaccuracyof

thecorrelationisaboutk5percentagepointsofthepredictedvalueof
combustionefficiency,whichisnotsubstantiallygreaterthantheprob-

\* ablemeanerrorintheoriginaldata.

.
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An empiricalcorrelationofthelean-blowoutfuel-air-ratiodata
wasobtainedby usingthesameafterburner-inletparameters(pressure,
temperature,andvelocity)whichcorrelatedcombustionefficiency.The
variationinthecorrelationofthelean-blowoutfuel-air-ratiodatawas
aboutdO.003unitof afterburnerfuel-airratio.

LewisFlightPropulsionLaboratory
NationalAdvisoryCo?.mnitteeforAeronautics

Cleveland,Ohio,July5,1957
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APPENDIX- SYMBOLS

cross-sectionalareaofafterburnercombustionchmber,
Sqft

totalflamesurfaceareain combustor,sqft

initialflamesurfacearea,sqft

effectiveflame-frontarea,sqft

exponents

characteristicdimensionof combustor,ft

functions

afterburnerfuel-airratio

empiricalintercept

constants

afterburner,combustion-chamberlength,ft

empiricalexponent

afterburner-inlet

Prandtlnumber

afterburner-inlet

Reynoldsnumber

afterburner-inlet

afterburner-inlet

totalpressure,lb/sqft abs

staticpressure,lb/sqft abs

totaltemperature,%

statictemperature,%

maximumflamespeed,‘ft/sec

afterburner-inletvelocity,ft/sec

effectivevelocityapproachingflamefrontbasedon ~,
ft/sec

totalvolumeofcombustiblemixturezones,cuft
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‘AB . volumeof afterburnercombustionchamber,cuft

v.1 initialvolumeofcouibustiblemixturezones,cuft

T~ afterburnercombustionefficiency

x

E

~

1.

2.

3.

4.

5.

6.

lean-blowoutfuel-air-ratiocorrelationparameter

combustion-efficiencycorrelationparameter

(f/a)~
equivalenceratio,0.0676
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Figure2. - Typicalexponentialrelation
betweenafterburner-inlettotalpres-
sureandtotaltemperatureforseveral
velocities.Afterburnercombustion
efficiency,70percent;afterburner
length,3.33”feet;afterburnerfuel-
airratio,0.055.
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Figure3. - T’@cal exponential relatiom between afterburner vekmitypsxameter

(750 - V) and several afterburner parameters. Afterburner combustioneffi-
ciency, 70 percent; afterburner fuel-air ratio, 0.055j afterburner conibustion-
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Figure4. - TypkF.1 exponentialrelationbetveen
bothafterburner-inlettotaltemperatureand
pressureanddterburnercambustlon-che@er
lengbh.Afterburnermmtmticmefficiency,70
percent;afterburnerfuel-airratio,0.055.
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